The concept of diffusion magnetic resonance (MR) imaging emerged in the mid-1980s, together with the first images of water diffusion in the human brain, as a way to probe tissue structure at a microscopic scale, although the images were acquired at a millimetric scale. Since then, diffusion MR imaging has become a pillar of modern clinical imaging. Diffusion MR imaging has mainly been used to investigate neurologic disorders. A dramatic application of diffusion MR imaging has been acute brain ischemia, providing patients with the opportunity to receive suitable treatment at a stage when brain tissue might still be salvageable, thus avoiding terrible handicaps. On the other hand, it was found that water diffusion is anisotropic in white matter, because axon membranes limit molecular movement perpendicularly to the nerve fibers. This feature can be exploited to produce stunning maps of the orientation in space of the white matter tracts and brain connections in just a few minutes. Diffusion MR imaging is now also rapidly expanding in oncology, for the detection of malignant lesions and metastases, as well as monitoring. Water diffusion is usually largely decreased in malignant tissues, and body diffusion MR imaging, which does not require any tracer injection, is rapidly becoming a modality of choice to detect, characterize, or even stage malignant lesions, especially for breast or prostate cancer. After a brief summary of the key methodological concepts beyond diffusion MR imaging, this article will give a review of the clinical literature, mainly focusing on current outstanding issues, followed by some innovative proposals for future improvements.
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After a brief summary of the key concepts beyond diffusion MR imaging, we will give a review of key areas of clinical application. This review is of necessity not comprehensive, given the huge amount of literature on the subject. Rather, it will focus on current outstanding issues, followed by some proposals for future improvements.
Key Concepts to Understand and Interpret Diffusion and IVIM MR Imaging Diffusion and Brownian Motion
Brownian motion refers to the spontaneous random motion of particles suspended in a fluid. This phenomenon is named after the botanist Robert Brown, who in 1827 observed through a microscope that pollen grains moved through the water. Independently, the phenomenon of diffusion, referring to the net movement of a substance from a region of high concentration to a region of low concentration, had been fully characterized by the Fick laws. Einstein explained later in his PhD thesis and its companion article (1) how Brownian motion was explained by the particles being moved by individual molecules, and how their displacement was linked to the diffusion coefficient (D) of the Fick laws, bridging for the first time the macroscopic diffusion and microscopic Brownian motion concepts. This explanation of Brownian motion served as definitive confirmation that atoms and molecules actually exist and was further verified experimentally in 1908 by Jean Perrin, who used it to determine the water diffusion drops immediately after the onset of an ischemic event, when brain cells undergo swelling through cytotoxic edema. With its unmatched sensitivity, water diffusion MR imaging provides patients with the opportunity to receive suitable treatment at a stage when brain tissue might be still salvageable, thus avoiding them permanent loss of function. On the other hand, it was found that water diffusion is anisotropic in white matter, because axon membranes limit molecular movement perpendicularly to the nerve fibers. This feature can be exploited to produce stunning maps of the orientation in space of the white matter tracts and brain connections in just a few minutes, as well as to provide information on white matter microstructure and integrity. With water diffusion MR imaging it has been suggested that some psychiatric disorders, such as schizophrenia, might result from faulty brain connections. Further work has shown (4) that diffusion MR imaging can work well in the body with free breathing and background signal suppression. Use of the technique is now also rapidly expanding in oncology for the detection of malignant lesions and metastases, as well as monitoring therapy. Water diffusion is substantially decreased in malignant tissues, and body diffusion MR imaging, which does not require any tracer injection, is rapidly becoming modality of choice to detect, characterize, or even stage malignant lesions, especially breast and prostate cancer. Since its introduction, diffusion MR imaging has enjoyed a quasi-exponential growth, with about 24 000 articles referenced in PubMed in 2014 and 725 000 entries in Google Scholar (Fig 1) . However, as MR imaging scanner gradient coil systems, a key hardware component for diffusion MR imaging, have been greatly improved over the recent years, new trends have emerged beyond the original apparent diffusion coefficient (ADC) concept: IVIM is entering the clinical field to evaluate tissue perfusion without use of contrast agents, and the ability to analyze non-Gaussian diffusion through high diffusion weighting is boosting sensitivity to tissue features. 
Essentials
n Diffusion MR imaging has become a pillar of modern clinical imaging, mainly to investigate the diseased brain, but is also increasingly been used in the body, notably in oncology.
n Important issues must be considered when interpreting diffusion MR imaging results: diffusion anisotropy, non-Gaussian diffusion, intravoxel incoherent motion, and noise effects.
n Some issues still need to be addressed for diffusion MR imaging to become a clinical biomarker, especially standardization of acquisition protocols and models used for quantitative image analysis.
n In the future, methods may allow tissue features to be obtained directly from a limited set of diffusion MR imaging signals based on their signature, substantially reducing acquisition and processing times.
I n 1905 Albert Einstein published four important articles and set the stage for all of modern physics. One of his annus mirabilis articles (also his PhD thesis dissertation) unexpectedly gave birth to a powerful medical imaging modality, diffusion magnetic resonance (MR) imaging (1) . The concept of diffusion MR imaging emerged in the mid-1980s, together with the first images of water molecular diffusion in the human brain (2), as a way to probe tissue structure at a microscopic scale, although images were acquired at a millimetric scale (3) . Since then, diffusion MR imaging has become a pillar of modern clinical imaging. Diffusion MR imaging is both a method and a powerful concept, as diffusing water molecules provide unique information on the tissue functional architecture. Diffusion MR imaging has mainly been used to investigate neurologic disorders. A dramatic application of diffusion MR imaging has been acute brain ischemia, following the discovery that
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Iima and Le Bihan and also contribute to the diffusion signal if diffusion-coupling terms (Dxy, Dxz) exist, which is the case when the tissue feature axes do not coincide with the gradient directions used for measurements. This mean ADC is then not rotationally invariant. Anisotropic diffusion cannot be correctly described by three diffusion coefficients along three directions, but requires the acquisition of diffusion-weighted images along at least six different directions (diffusiontensor imaging [DTI] [9]). With DTI, one can get the trace of the diffusion tensor, which represents the true mean diffusivity, indexes of the degree of anisotropy (such as fractional anisotropy), and so-called eigenvectors, which point to the directions along which diffusion is the fastest or the lowest, corresponding in general to the directions parallel or perpendicular to the tissue fibers, respectively (7). DTI has served as the basis for brain white matter tractography, but more advanced techniques are currently used to take into account voxels with multiple fiber orientations (6). DTI must be used in tissues where water diffusion is anisotropic, mainly in the heart, muscle, and brain white that diffusion, although a three-dimensional process, is only measured along one direction at a time determined by the orientation in space of the gradient pulses. Most often diffusion is isotropic (the same in all directions), so that this spatial orientation does not matter. In some tissues, however, such as brain white matter or muscle fibers, diffusion is anisotropic, and diffusion effects strongly depend on the direction of the gradient pulse. It is often thought by those in clinical practice and by MR imaging manufacturers that one gets a "mean" diffusivity effect by averaging images sequentially acquired with gradients oriented along three perpendicular directions. It can easily be shown that this is only an approximation (7), which may lead to a large overestimation of the true mean ADC in tissues experiencing anisotropic diffusion, especially when diffusion pulses are set on several axes at the same time (to minimize echo time and increase signal-to-noise ratio). For instance, even if the diffusion-encoding gradient pulses are set only to the x-axis, any gradient pulse present on the y-or z-axis will combine with the diffusion-encoding pulses on the x-axis Avogadro number and the size of the water molecule (5).
With diffusion MR imaging one usually investigates the self-diffusion of water molecules in tissue water (diffusion of other molecular moities may also be studied with MR spectroscopy). Diffusion-driven displacements of water molecules are encoded in the MR imaging signal through variations of the magnetic field in space (6,7) caused by magnetic field gradient pulses. The degree of sensitivity to diffusion is described by the so-called b value, which was introduced (2, 8) to take into account the intensity and time profile of the gradient pulses used both for diffusion encoding and MR imaging spatial encoding. The overall effect of diffusion in the presence of those gradient pulses is signal attenuation, and the MR imaging signal becomes diffusion weighted. The signal attenuation is more pronounced when large b values are used and when diffusion is fast.
Diffusion Anisotropy
A first important consequence of the diffusion MR imaging encoding process (compared with other approaches) is 
The b-Value Effect
Another important feature is that diffusion compared with other parameters, such as T1 or T2, is a genuine physical process occurring in tissues on its own, not linked to MR imaging (MR imaging is merely a means to investigate it), as opposed to T1 or T2, which are only defined in the MR imaging context and depend heavily, for instance, on the field strength and MR imaging sequences. In contrast, the results of diffusion MR imaging, such as the ADC, should be, in principle, equivalent across centers using different MR imaging systems or sequence parameters. Unfortunately, this is true only to some extent: Problems may arise, as noted above, because diffusion in tissues in not free. With free (Gaussian) diffusion, the ADC remains the same whichever set of b values are used to measure it (only the accuracy of the ADC estimates will change with the b values, and it is well known that the optimal b value for brain tissue, for instance, is around 1000 sec/mm 2 ). When diffusion is non-Gaussian, the degree of diffusionrelated signal attenuation decreases when the b value increases (Fig 2) , in other words, the ADC value decreases when high b values are used. It is, thus, mandatory to indicate which b values have been used to acquire if that were measureable. This concept has proved extremely powerful and durable, and the ADC is still widely used today (14).
The IVIM Concept
The ADC concept was also introduced to encompass all types of incoherent motion present within each image voxel (hence, the acronym IVIM), which could contribute to the signal attenuation observed with diffusion MR imaging, such as blood microcirculation in the capillary networks (perfusion), and not only molecular diffusion (15). Indeed, flow of blood water in randomly oriented capillaries (at voxel level) mimics a random walk (pseudodiffusion), which results in a signal attenuation in the presence of the diffusionencoding gradient pulses. The effect is seen at very low b values only, because the pseudodiffusion coefficient, D*, associated with blood flow is higher than the water diffusion coefficient. For this reason, the ADC obtained by including very-low-b-value signals is usually higher than when larger values are used (14). On the other hand, the one order of magnitude or so difference between true diffusion and pseudodiffusion allows them to be separated (15,16). The idea to use diffusion and IVIM MR imaging to get images of perfusion has been found ground-breaking (17), however very controversial at the beginning, and it took more than 20 years before the concept was applied in clinical practice. Indeed, IVIM MR imaging has experienced a remarkable revival for applications throughout the body over the last few years (3) (Fig  1) , especially in the field of cancer imaging. A key feature of IVIM diffusion MR imaging is that it does not involve contrast agents, and it may serve as an interesting alternative to perfusion MR imaging in some patients with contraindications to contrast agents or patients with renal failure at risk for nephrogenic systemic fibrosis (18,19) or for gadolinium deposits in brain basal ganglia (20). Still, a deeper insight into the IVIM concept and a clear understanding of the strengths and limitations of the concept are necessary to fully garner matter, but other tissues may unexpectedly also show signs of anisotropy, such as the breast or the kidney, due to the presence of spatially oriented ducts (10,11).
The ADC Concept
Another important point is that the Einstein equation, which has been used as a basis for diffusion MR imaging, assumes free diffusion, as can be found in a glass of water. With free diffusion, the distribution of diffusion-driven molecular displacements obeys Gaussian law. In those conditions only the diffusion coefficient, which can be obtained by processing diffusion-weighted images, is the true diffusion coefficient. This coefficient, which depends on temperature (2.4% change per 1°C), is around 3.0 3 10 23 mm 2 /sec at 37°C. In biologic tissues, however, diffusion is no longer free, but becomes hindered by obstacles such as cell membranes, fibers, or macromolecules or is confined by attractive centers such as electric charges at the proteins or cell membrane surfaces, making diffusion MR imaging exquisitely sensitive to tissue structure in various pathologic or physiologic conditions. The molecular displacement distribution then deviates from a Gaussian law and the diffusion effect on the MR imaging signal is no longer adequately described by the Einstein equation. Consequently, the diffusion coefficient derived from diffusion-weighted images is no longer the true diffusion coefficient, but reflects interaction of water with tissue features. The modeling of such diffusion effects on the signal had been investigated by pioneers such as Stejskal, Tanner, Hazlewood, and others (12) well before the advent of MR imaging, but this issue remains a complex and hot topic of investigation today (13). The ADC concept was introduced along with the diffusion MR imaging concept to avoid those difficulties in a clinical setting (2 data if one wishes to make meaningful comparisons across literature. In fact, not only the b values, but the precise timing of the gradient pulses (which set the diffusion time) used for diffusion encoding must be provided, as different time profiles could lead to different diffusion effects while sharing the same b value. This is due to the fact that water molecules will have more chances to interact with tissue microscopic features when long diffusion times are used than when short diffusion times are used, leading to lesser signal attenuation and, thus, to a smaller ADC at long diffusion times (22). 2 ), the curvature results from IVIM (blood microcirculation) effects (here the f IVIM has been set to 10%). At very high b values, the signal reaches a "noise floor," which produces a curvature that needs to be removed before signal analysis. The curvature visible at high b values after noise correction (deviation from the straight line expected for free diffusion) is produced by hindrance effects (notably from membranes), which make diffusion non-Gaussian. The kurtosis model is one approach that allows this non-Gaussian diffusion effect to be quantified. At lower b values the signal attenuation is nearly straight, as with Gaussian diffusion. The slope obtained by using two b values (such as 200 and 1000 sec/mm 2 ) is smaller than the Gaussian diffusion component of the signal ADC 0 , which is obtained by removing the non-Gaussian component, for instance, using the kurtosis model (Eq [1] ). Right: Since the IVIM effect is usually small, more images are often acquired at low b values than for diffusion at high b values. However, it may be difficult to visually qualify the goodness of the diffusion and IVIM fits using the standard attenuation plot: ln(S) as a function of b value, as in the left plot, where S is signal intensity. An attractive alternative would be to plot S as a function of ln(b) to visually exaggerate the contribution of IVIM effects at very low b values.
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Iima and Le Bihan to be around 200-400 sec/mm 2 , but may extend to 600 sec/mm 2 in the brain and is expected to vary across organs and pathologic conditions. In addition, images with b of 0 sec/mm 2 cannot be acquired, as gradient pulses used for imaging are responsible for some (tiny) IVIM and diffusion effects (lowest b value achievable is often around 5-10 sec/mm 2 or even sometimes 50 sec/ mm 2 ). Hence, a very good estimation of the theoretical signal at b of 0 sec/ mm 2 is required to get a meaningful estimate of fIVIM. Furthermore, while the IVIM effects reflecting microcirculation are seen only at very low b values, they are usually very small and require a very good handling of the whole signal curvature, even at very large b values (including non-Gaussian diffusion and noise floor correction) to give correct estimates of parameters (16).
With those concepts in mind, we will now briefly review the clinical field of applications of diffusion and IVIM MR imaging.
Review of Clinical Applications Neuroimaging
Acute and chronic stroke.-There is no doubt that the main application of diffusion MR imaging has been for the diagnosis of acute cerebral infarction (44), as well as the estimation of the time course of ADC change in stroke (45). The ADC decrease occurring minutes after the ischemic insult is linked to cell swelling through cytotoxic edema, but the basic mechanisms remain unclear (12,46,47). Diffusion MR imaging has resulted in substantial changes to the treatment of patients with stroke, allowing physicians to customize therapeutic approaches (pharmacological or interventional) for individual patients (48), as well as monitoring patient progress on an objective basis (in both the acute and the chronic phase [49]), to help predict clinical outcome (48,50-52). At high degree of diffusion weighing, as seen through the mean kurtosis, sensitivity to tissue features increases, improving the characterization of ischemic tissues (53). IVIM MR imaging MR imaging signal (a magnitude signal that cannot be negative), there is always some background noise signal left and the diffusion signal remains above a threshold, the noise floor (Fig 2) , instead of asymptotically approaching 0, thus mimicking a curvature effect (16). Such noise effects must be corrected, if present, to avoid over-or underestimation of the model outputs (ADC, kurtosis, fIVIM, etc), which is not a trivial matter. Several approaches have been proposed to correct this noise at high b values, either by retrieving signal values from noise-corrupted data (38-42) or by using a simple procedure where a noise-correction factor is estimated through a phantom calibration process (16). As a matter of fact, alcanes should be preferred to build phantoms, as they offer a wide range of ADC values mimicking biologic tissues or diseases and are less prone to artifacts than water or ice (43) (fat suppression must be turned off during measurements, though, as the alcanes resonant frequency is close to that of fat). Those noise effects may explain discrepancies among the various diffusion MR imaging and IVIM parameter values in the literature.
Another issue related to noise is that model parameter estimates may depend on the algorithms that are used to fit the signals with the model equations. One may fit the model equation at once (including IVIM, non-Gaussian diffusion, and noise effects together), for instance, by using an "Exhaustive" search algorithm [16]), while a popular way is to split the fitting into two steps, one for diffusion and the other for IVIM effects, to increase the robustness of iterative fitting algorithms. This is often referred to as the biexponential approach (one for IVIM and one for diffusion), but should not be confused with the non-Gaussian biexponential diffusion model (26). In fact, taking IVIM and non-Gaussian diffusion altogether one should rather think of triexponential or exponential-polynomial models. An outstanding issue is then to decide the threshold for the b value above which IVIM effects can be considered as negligible. This value is often thought model (26), the statistical model (27), the stretched exponential model (28), and others (29,30). With such models new parameters have emerged beyond the ADC, such as the kurtosis for diffusion kurtosis imaging, which have shown great potential to characterize pathologic or physiologic conditions, although they only give empirical information on the degree of diffusion non-Gaussianity and nothing specific on tissue features. These models have been used to evaluate cerebral infarction (31), liver fibrosis (32), and tumor characterization (33,34). Other models have been designed not just to mathematically describe the signal decay with b values, but to provide more insightful, explanatory information on the tissue features, mainly in the brain, such as the axon diameter in white matter (composite hindered and restricted model of diffusion, or CHARMED (35), and AxCaliber models [36]) or for the gray matter neurite distribution (neurite orientation dispersion and density imaging, or NODDI, model [37] ). However, those extremely refined models require strong assumptions on the underlying tissue structure, sophisticated modeling and analysis, and still must be validated across the full range of clinical conditions. It is understandable that clinicians might be puzzled by this array of diffusion models and the variety of ways to process the diffusionweighted images they require. However, clinically relevant images can be derived from parametric maps produced by combining images acquired with a range of b values according to the relevant physical models by using one's preferred software, either in-house or provided by vendors. Such maps often allow one, in particular, to assess lesion heterogeneity.
Data Analysis and Noise Effects
A last important issue to consider is the effect of noise on the output produced by such models if one wants to get meaningful information. There is still another cause of curvature of the signal attenuation than non-Gaussian diffusion at high b values: noise. Oncology Diffusion MR imaging has great potential as a tool in the treatment of cancer patients, allowing earlier detection, diagnosis, staging, and monitoring of disease progression or response to therapy (66). This approach is complementary to fluorodeoxyglucose (FDG) positron emission tomography (PET), which seems to be more sensitive in lungs and perhaps in lymph nodes (67), but diffusion MR imaging, which does not use ionizing radiation and any tracer and affords a better spatial resolution, appears promising for the management of breast, prostate, liver, and thyroid cancers, as well as lymphomas (68). Furthermore, diffusion MR imaging gives access to tissues obscured by sites of physiologic FDG accumulation, such as in the pelvis around the bladder. Differences in findings are expected with FDG PET and diffusion MR imaging as both approaches are based on completely different biophysical mechanisms. FDG PET shows areas with increased glucose metabolism, which can also be present in inflammation (Fig 3) . ADC values correlate with tumor cellularity both in humans (69-71) and animals (72,73), and a very low pretreatment ADC is usually associated with aggressive malignancy (74,75), while relatively high pretreatment ADC values might predict a poor response to therapy (76-78). Some studies have shown a correlation between ADC values and tumor grade in humans (79,80) and animals (73). However, cell density is not the only histologic indicator that sets tumor grade, and other histologic features, such as nuclear atypia, may account for the imperfect correlation. Necrotic or cystic tumor components, which show high ADC, could also reduce the association between ADC and cell density. Wholebody diffusion kurtosis imaging has the also has potential for the management of cerebral infarction (54) or to assess the brain's microvasculature pulsatility on the cardiac cycle (55).
White matter diseases and tractography.-DTI has mainly been used in neuroscience (6); however, it is gaining momentum as a clinical tool. DTI can help estimate the relationship between tumors and nearby white matter tracts for preoperative and intraoperative planning (56). DTI is commonly used to investigate white matter disorders and has also revealed faulty brain connections linked to psychiatric disorders, such as schizophrenia, bipolar disorder, and anxiety disorder (57). Diffusion-weighted imaging and DTI have been increasingly applied to the clinical investigation of demyelinating disease, especially multiple sclerosis, and correlations have been shown between diffusion-weighted imaging findings and clinical symptoms of multiple sclerosis (58). In addition, an ADC decrease in acute disseminated encephalomyelitis has been observed, which becomes more prominent during the subacute phase (59). The ADC decrease in the hyperacute phase of a demyelinating lesion might appear even ahead of contrast enhancement (60). Interestingly, tract-based spatial statistics analysis of DTI data appears robust than region-of-interest-based analysis to predict motor outcome in primary progressive multiple sclerosis (61) and detect widespread white matter lesions with a significant fractional anisotropy decrease in patients with neuromyelitis optica, which is useful for the better understanding of the disease (62). DTI also has been shown to be useful to assess brain lesions after mild traumatic brain injury, which is associated with cognitive and physical symptoms, although there are no remarkable findings on conventional MR or computed tomographic (CT) images (63). A recent study has revealed that fractional anisotropy values in the cerebellum and fusiform gyri were lower in patients with mild traumatic brain injury and vestibular symptoms, suggesting DTI as a diagnostic tool for the evaluation of concussion (64). Nonetheless, DTI
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Iima and Le Bihan (112) . Non-Gaussian diffusion has already been investigated in the prostate with the kurtosis (113, 114) , biexponential (115), or Gamma distribution (116) models. Kurtosis has a better diagnostic ability than simple ADC in differentiating healthy and cancerous peripheral prostate tissues (114) or low-and highgrade prostate cancer (113) (Fig 4) . Results have been mixed regarding the diagnostic utility of IVIM in the diagnosis of prostate cancer (117, 118) , although perfusion-free diffusion coefficient might have a better diagnostic ability than ADC (119) . In fact, IVIM perfusion fractions in cancer and normal tissue, as well as their differences, are highly variable within the literature (114, 117, 118, (120) (121) (122) (123) (124) (Table E1 [online]), and the application of IVIM in the diagnosis of prostate cancer still needs further validation. Diffusion MR imaging has also great potential in the active surveillance of low-risk patients, and neck tumors have been reported to have a higher IVIM perfusion fraction and ADC compared with metastatic lymph nodes, which could be useful in the optimization of individualized treatment planning (102). Indeed, as nonsurgical therapeutic approaches (radiation therapy and/or chemotherapy) are increasingly used in clinical practice for head and neck cancer, it becomes imperative to identify patients who fail to respond to therapy as early as possible after treatment has been started, so one can change or adjust the treatment regimen if necessary. Although the ADC has been found to increase over the time-course of chemotherapy, especially in squamous cell carcinoma (103,104), its potential to serve as a biomarker of treatment efficacy at an early stage remains controversial and still needs validation. The differentiation of posttherapeutic changes from tumor recurrence is also an important clinical issue, and a recent study using the IVIM model has identified both IVIM and ADC thresholds below which tumor recurrence was likely (105).
Pancreas.-Improvement in gradient hardware and radiofrequency coil systems allowing a good signal-tonoise ratio to be preserved within the images while using high b values has made diffusion MR imaging available for the detection and characterization of deep abdominal organs, such as the pancreas. However, there are still some challenges in using ADC values to differentiate pancreatic cancer from mass-forming pancreatitis, due to the variable proportions of fibrosis and inflammation in mass-foaming pancreatitis, fibrosis, necrosis, and cell density in tumors (106). IVIM MR imaging recurrent tumor from treatment effect in glioblastoma (83). Diffusion-weighted imaging and DTI have the potential to help determine the optimal radiation treatment volumes (95).
Head and neck.-The evaluation of the head and neck region with MR imaging is hampered by susceptibility artifacts, because of the contiguity of the soft-tissue components with air-filled structures and bone. In addition, some specific movements (eg, jaw movements, swallowing, speaking, coughing, or breathing), as well as respiration, often result in severe motion artifacts. Some methods have been proposed to decrease motion artifacts (96) and to overcome distortion artifacts, such as read-out segmented echo-planar imaging (97). Many studies have confirmed a significant difference in ADC between benign and malignant lesions in this region, but ADC values often overlap between benign and malignant lesions. Parameters derived from non-Gaussian diffusion MR imaging and IVIM might mitigate this limitation for the primary and nonmetastatic head and neck tumors (33). Diffusion and IVIM MR imaging have been applied to salivary gland lesions for the differentiation of benign and malignant tumor, as well as squamous cell carcinomas and lymphomas (98-100). The combination of IVIM and diffusion parameters, each with own threshold for malignancy, results in a better diagnostic ability (98).
The detection of lymph nodal metastases, an important factor for treatment planning, (ie, defining the radiation field or the surgical neck dissection), remains challenging. ADC in malignant nodes seems substantially lower than in benign nodes (101). Primary head Microscopic diffusion MR imaging of specimens with a resolution down to 40 µm might give new insights to the understanding of the microstructural complexity (134) . A particularly challenging problem for breast diffusion MR imaging is the detection of nonmass-enhancing lesions on dynamic contrast-enhanced MR images. This appearance is typical of ductal carcinoma in situ due to the tumor extension along the breast ducts (135, 136) . Manual delineation of regions of interest is very time consuming, and there is a need for more automatic segmentation algorithms for diffusion MR imaging to be used in this clinical situation. Diffusion MR imaging has been evaluated in the both perfusion from IVIM and (Gaussian) diffusion components (126) (127) (128) , leading to interesting results (Table E2 [online]). Recently, non-Gaussian diffusion has also been considered, giving promising results for the diagnosis of breast cancer (16,129,130), as diffusion kurtosis imaging parameters, in particular, may reflect physiologic and morphologic alterations associated with breast tumor tissues, although the mechanisms need to be elucidated (31). Kurtosis is high in malignant lesions compared with benign lesions and, in addition to ADC and flowing blood volume fraction, might improve diagnostic accuracy (16,129), for instance, combining parameter thresholds (131) . Fibroadenomas and fibrocystic changes were found to have significant difference only in kurtosis (132) . The flowing blood volume fraction is usually high in malignant lesions, but there seems to be a large overlap with benign lesions (Table E2 [online]). More complex evaluation of treatment efficacy, and prediction of disease recurrence. Breast.-Accurate differential diagnosis of lesions, staging of malignant lesions, as well as monitoring of treatment efficacy, are essential in the treatment of breast cancer. The potential of diffusion MR imaging to address those questions is high, but results have been sometimes inconsistent in the literature partly due to differences in the study design (choice of b values and acquisition methods, data analysis approaches, differences in patient population). The majority of the clinical diffusion-weighted imaging breast studies rely on a monoexponential analysis, providing the simple ADC as the parameter analyzed. The combination of b values (0 and 1000 sec/mm 2 ), which include some non-Gaussian diffusion effects, seems to yield the highest diagnostic ability to differentiate benign from malignant lesions at 1.5 T (125). Some groups have attempted to extract (155) found that cirrhotic livers had significantly decreased ADC and IVIM pseudodiffusion coefficients compared with healthy livers, while the IVIM perfusion fraction has been shown as a potential biomarker of nonalcoholic steatohepatitis (165, 166) .
Other Clinical Applications IVIM and diffusion MR imaging have also been used for a variety of other applications, each with its own challenges, such as organ motion for cardiac diffusion MR imaging and DTI (167, 168) . Diffusion MR imaging has the potential to differentiate benign from pathologic vertebral body compression fractures (169, 170) ; however, large fat cells may reduce the negative correlation between tumor cellularity and ADC commonly found in most solid tumors (171) . In the kidneys, IVIM parameters seem to be more useful than diffusion parameters with the potential to predict the extent of deterioration in renal function (172) : D* in the renal cortex is significantly lower in both mild and severe renal dysfunction, while ADC values decrease only in severe renal dysfunction. The perfusion fraction, fIVIM, and the tissue diffusivity have shown better diagnostic performance, separately, than the overall ADC for the discrimination of enhancing from nonenhancing renal lesions, with a good correlation between fIVIM and perfusion-related parameters using gadolinium-based contrast agents (173) . Furthermore, histogram analyses of IVIM data have detection of lymphadenopathy in breast cancer; however, there is a significant overlap of ADC values between benign and malignant lymph nodes (137) (138) (139) (140) (141) , and diffusion MR imaging cannot yet replace surgery and sentinel lymph node biopsy for lymph-node staging.
Lung.-The evaluation of lung nodules is frequently performed by using contrast-enhanced CT and FDG PET (142) . Lung lesions have not been considered suitable for diffusion MR imaging due to severe susceptibility artifact from air. Nonetheless, recent developments in fast imaging methods such as echo-planar imaging and parallel imaging have now made this possible. Quantitative ADC measurements in lung cancer have been proposed to minimize the need of risky biopsies (143) , and functional diffusion maps have been suggested to serve as a biomarker for early prediction of treatment response in non-small cell lung carcinoma, with a better performance than the conventional size criteria (Response Evaluation Criteria in Solid Tumors, or RECIST) (144) . Still, to this date, the results have been conflicting or inconclusive (145, 146) .
Liver.-Detection and characterization of hepatocellular carcinoma and liver metastases, as well as prediction of tumor response to therapy, with MR imaging have benefited from liver-specific contrast agents (147, 148) . However, diffusion MR imaging has been actively investigated as an alternative approach in patients with severe renal failure (149) . IVIM and diffusion MR imaging in the liver is degraded by artifacts due to cardiac and respiratory motion (150) or to air in the adjacent stomach or colon. Hence, work remains to be done to establish guidelines for the acquisition protocols (eg, free breathing or respiratory gating, navigation, etc) so as to obtain good image quality and reproducible IVIM and diffusion results (150) (151) (152) (153) . Interestingly, the first IVIM studies in the body were performed in the liver by Yamada et al in 1999 (154) . They showed the potential of IVIM MR imaging to differentiate hepatocellular carcinoma, hemangioma,
Iima and Le Bihan found for malignant and benign lesions in breast cancer (16), one can easily see (Fig 5, Fig E1 [online] ) that the relative contribution to the signal intensity of each parameter strongly depends on the b values, as expected from Equation (1), but with a specific b value sensitivity. For instance, the most sensitive b values for fIVIM, D*, ADC 0 , and K are around 400, 200, 800, and above 3000 sec/mm 2 , respectively. One can also see that b values between 1600 and 2400 sec/mm 2 are good both for ADC 0 and K. It also appears that variations in ADC 0 and K have a much greater impact on the overall signal intensity than variations in fIVIM and D* (Fig 5) , while at 400 sec/mm 2 IVIM and nonGaussian diffusion effects cancel each other.
Based on this differential sensitivity, one may consider that some b values (we call "key b values") can be found to effects on the diffusion-weighted signal. Taking, for instance, the IVIM-kurtosis model, the signal intensity S(b) can be written (ignoring noise floor effects for the sake of simplicity) as (16):
where S(0) is the theoretical signal intensity for b value of 0 sec/mm 2 , fIVIM is the (T1-, T2-weighted) volume fraction of incoherently flowing blood in the tissue, b is the b value, D* is the pseudodiffusion coefficient associated with the IVIM effect, ADC 0 is the virtual ADC that would be obtained when b approaches 0, and K is the kurtosis parameter. As an example, using typical values for fIVIM, ADC 0 , K, and D* most cells, water networks interacting with cell membranes constitute an important fraction of tissue water. Hence, any change in cell component's shape, size, or density, which induces large variations in the membrane surface, will impact the diffusion MR imaging signal.
While it is very important to develop such sophisticated models, we should at the same time also make diffusion MR imaging as simple and robust as possible if one wants this outstanding modality to expand further in the clinics and become a standard, for instance, in oncology, as it is today with acute brain ischemia. The ADC concept has played such a role (14), but we should now also look at non-Gaussian diffusion and IVIM effects, as they provide valuable information on tissues. Unfortunately, the accurate estimation of such nonGaussian diffusion and IVIM-related parameters requires fitting the diffusion-weighted MR imaging signal with biophysical models using algorithms, which are often prone to errors and calculation-intensive, preventing realtime analysis to be performed. Furthermore, accurate data fitting with models also requires the acquisition of multiple images with a large range of b values, resulting in long acquisition times. Ideally, one should aim at decreasing acquisition and processing times and at developing new, standard (across manufacturers' platforms) approaches that enable automatic classification of tissue types (ie, benign or malignant lesions) in real time.
Key b Value and Synthetic ADC Concepts
Previous literature has explored the optimization of b values in the kidney (175, 176) , liver (177, 178) , prostate (179) , and the breast (180) . However, those key b values have been proposed only to optimize the robustness of the fitting results in the context of the monoexponential model (Gaussian diffusion) or to separate IVIM and diffusion effects. A completely different approach would be to consider key b values directly aimed at differential diagnosis, taking into account altogether IVIM and non-Gaussian diffusion (2) where Lb is low-key b value, Hb is highkey b value, and S is signal intensity. This synthetic ADC will intrinsically include non-Gaussian diffusion and IVIM effects in such a way as to maximize differential sensitivity to tissue structure.
"Sindex" Concept One may go even one step further, directly identifying tissue types based on In summary, optimal differentiation of tissue types could be obtained from only two b values (compared with many b values when the IVIM and diffusion parameters have to be evaluated individually), resulting in a dramatic shortening of the acquisition time, an important concern for clinical protocols, especially in noncooperative patients. Those two key b values are, of course, organ specific (eg, body vs brain), but, according to the existing literature, should be very similar for most body tissues.
Following the ADC concept introduced in the 1980s for Gaussian diffusion, which is calculated from two b values (0 and, for instance, 1000 sec/ maximize sensitivity to IVIM and diffusion parameters, hence to best distinguish tissues. Using the above values as an example, two key b values can be identified (Fig 6a) : around 100-200 sec/ mm 2 ("low" key b value, Lb) for IVIM and around 1400-1800 sec/mm 2 ("high" key b value, Hb) for non-Gaussian diffusion (mixing ADCo and kurtosis contributions). A b value above 3000 sec/ mm 2 also has a strong tissue differentiation potential, but signal intensities acquired at such high b values generally become very low with the gradient hardware found on typical commercial MR imagers, and the kurtosis model is known to fail above such high b values. 
REVIEW: Clinical Intravoxel Incoherent Motion and Diffusion MR Imaging
Iima and Le Bihan facilitate the use of IVIM and diffusion MR imaging in the clinical field, especially for the monitoring (diagnosis and therapy assessment) of cancer lesions (68,87). Of course, those are concepts will have to be further developed and validated by using large patient cohorts involving various organs and lesion types.
In conclusion, IVIM and non-Gaussian diffusion MR imaging have the potential to give a semiautomatic diagnosis of lesions with high accuracy without using ionizing radiation and injection of radioisotopes or contrast agents. Once some stabilization has been reached in acquisition protocol designs and in the models and methods used for data processing, this approach has great potential not only to investigate neurologic and psychiatric disorders, but also in oncology for the diagnosis or staging of cancer lesions, as well as for drug development to evaluate response to therapy. Sindex is approximately 0-20, while in very malignant tissues it is greater than 100 (Fig 6b) . For example, based on results from a previously published breast study (16), the average Sindex was found to be 76 6 34 in malignant lesions and 31 6 34 in benign lesions. For a population of 46 patients with head and neck tumors, the overall performance (area under the receiver operating characteristic curve) of this Sindex to differentiate malignant from benign tumors was 0.89 (sensitivity, 89%; specificity, 84%; positive predictive value, 89%; and negative predictive value, 84%) (181). In practice, this absolute scale Sindex derived from diffusion MR imaging signals acquired at only two key b values can be obtained at voxel level or within a manually or automatically drawn region of interest. Besides mean Sindex statistics in regions of interest, one may also generate histograms to assess lesion heterogeneity and monitor therapy response, for instance, by using the standard deviation or more advanced Sindex distribution descriptors, such as skewness or kurtosis, or determine a malignant charge by taking into account the lesion volume with voxels for which Sindex is greater than 50. Color-encoded maps and threedimensional renderings of the lesions based on the voxel-by-voxel Sindex can also be generated for a better view of lesion conspicuity and heterogeneity or to provide spatial guidance for biopsy sites (181) (Fig 6b, Movie [online] ).
As opposed to current approaches based on full fitting of MR imaging signals, which require iterative calculations using complex equations, the calculation of the Sindex is direct and straightforward (Eq [3] ), making the processing time extremely short and compatible with real-time processing (Sindex results being obtained while the patient is still lying in the MR imaging scanner) and providing opportunities to perform additional scanning depending on the results. In short, tissues or lesions would be identified directly from their IVIM and diffusion MR imaging signal patterns without estimating any model parameter. This approach could Because malignant lesions are characterized by high fIVIM, low ADCo, and high kurtosis values, one can see that for malignant tissues, the signature index is greater than 0 (1 for the typical malignant tissue of Fig 5) , while it is less than 0 for benign tissues (21 for the typical benign tissue of Fig 5) . The signature index is 0 for a neutral (undetermined) tissue. 
